Heat shock proteins (Hsp) are involved in protein folding, transport and stress resistance. Studies reporting an increased mRNA level of hsp genes in aged Drosophila suggest that expression of Hsp might be beneficial in preventing damages induced by aging. Because oxidative damage is often observed in aged organisms and mitochondria are sensitive to reactive oxygen species, we tested the hypothesis that increased levels of a small Hsp localized in mitochondria, Hsp22 of Drosophila melanogaster, could protect mitochondrial proteins and influence the aging process. We demonstrate that a ubiquitous or a targeted expression of Hsp22 within motorneurons increases the mean life span by more than 30%. Hsp22 shows beneficial effects on early-aging events since the premortality phase displays the same increase as the mean lifespan. Moreover, flies expressing Hsp22 in their motorneurons maintain their locomotor activity longer as assessed by a negative geotaxis assay. The motorneurons-targeted expression of Hsp22 also significantly increases flies' resistance to oxidative injuries induced by paraquat (up to 35%) and thermal stress (39% at 30°C and 23% at 37°C). These observations establish Hsp22 as a key player in cell-protection mechanisms against oxidative injuries and aging in Drosophila and corroborate the pivotal role of mitochondria in the process of aging.
Long-lived mutants obtained by genetic manipulation often display increased resistance to stress (2, 5, 14, 15) . This is notably the case for the age-1 mutant in Caenorhabditis elegans, which displays extended longevity and increased thermotolerance phenotypes (16) . Interestingly, adults with such mutations expressed a higher level of Hsp16 following a thermal stress suggesting that small Hsp (sHsp) could be involved in longevity.
A beneficial effect of Hsp on aging and stress is also observed when organisms are preconditioned by exposure to a mild stress (15, 17−22) . Hence, these organisms show increased capacity to survive exposure to otherwise lethal conditions. Some hsp genes are constitutively up-regulated during aging as reported in studies examining the mRNA and/or protein levels for Hsp22, Hsp23, and Hsp70 in Drosophila (23, 24) . Moreover, the onset of Hsp22 and Hsp23 upregulation is observed earlier in adulthood in flies selected for increased longevity (25) .
The sHSP is a large family of molecular chaperones (26) whose functions in vivo are only beginning to be understood. A role for these proteins in cytoprotection has been shown in different systems. Thus, they have been reported to protect against damages induced by elevated temperatures, oxidative, and chemical stresses (27−29) . A small mammalian Hsp, Hsp27, has recently been shown to inhibit cytochrome-c-mediated activation of caspases and protect cells against apoptosis (30) .
According to the free radical theory of aging, life span is determined by the capacity of an organism to cope with random damages induced by free ROS (8) . Among the affected molecules are proteins that can be chemically modified during the aging process. Since chaperones are known to be important for protein folding and repair, we hypothesized that a mitochondrial chaperone such as Hsp22 might protect mitochondrial proteins. Accordingly, preventing damages such as those induced by mitochondrial ROS should protect against aging and extend life span.
We took advantage of the GAL4/UAS system to investigate whether overexpression of endogenous Hsp22 could increase Drosophila life span and resistance against different forms of stress. Flies' fitness was also investigated by means of a negative geotaxis experiment. This study provides the first insight on a potential in vivo function of Drosophila melanogaster Hsp22.
MATERIAL AND METHODS

Drosophila strains, maintenance and longevity assay
The D42-GAL4, elav-GAL4, actin-GAL4 and scabrous-GAL4 strains carry a GAL4 enhancer trap that selectively expresses the GAL4 transcriptional activator in adult motorneurons (1, 31) , in the nervous system, ubiquitously and in pan-neuronal cells, respectively. The EP(3)3247 strain (Berkeley Drosophila Fly Project) contains a P-element UAS-containing insertion in the 3′ UTR of the hsp67Bb gene (FlyBase ID: FBti0011419; 32). Activation of the UAS by GAL4 results in the overexpression of the endogenous hsp22 gene. Flies were maintained at 25°C on standard cornmeal/agar medium. Heat shock was performed by incubation for 1 h at 35°C followed by a recovery of 2 h at 25°C. For longevity experiments, cohorts of male flies (10 per vial) were transferred to fresh medium every two days and scored for survivors. The starting population for each genotype was 250. For analysis, the premortality phase (less than 10% mortality), the mean (50% survival) and maximum (10% survival) life span were calculated. When mentioned, 2-dayold flies were submitted to dry starvation or kept at 30°C or 37°C.
Negative geotaxis assay
The negative geotaxis assay was adapted from Leal and Neckameyer (33) . Flies were transferred in vials (16 × 125 mm) containing a thin layer of food. They were then allowed to adapt to their environment for 8 s. Following this prerun assay, flies were tapped gently to the bottom of the tube. Flies, which climbed higher than 7 cm in 8 s, were scored. The assay was conducted three times for each cohort of 100 flies.
Resistance to paraquat feeding
The procedure for paraquat feeding (methyl viologen, Sigma, Oakville, Ontario, Canada) was adapted from Humphreys et al. (34) . Whatman 3M filter strips soaked with 200 µl of 1% sucrose with or without paraquat were placed in clean empty vials. The assay was performed on 2-, 40-, 60-, and 80-day-old flies. The concentration of paraquat used was adjusted according to the age, as older flies display increased sensitivity to this compound (20 mM for 2-and 40-day-old flies and 1 mM for 60-and 80-day-old flies). To minimize the variation generated by differential rates of paraquat intake, the 2-day-old flies were starved for 16 h before treatment. Older flies were sensitive to starvation and hence were not starved before paraquat feeding. Flies (100) were held in the dark during paraquat exposure and scored for survival after 24 h. Each assay was repeated three times.
Protein analysis and immunocytochemistry
Protein extracts from flies of each genotype were separated on 12% SDS-PAGE as described in Morrow et al. (35) . Following transfer on nitrocellulose membranes, a Western blot was performed using a rabbit anti-Hsp22 antibody (1/5,000; 35) and a goat anti-rabbit secondary antibody coupled to peroxidase (1/20,000, Jackson ImmunoResearch Laboratories, West Grove, PA). Chemiluminescent detection was done with Western Lightning Chemiluminescence Reagent as described by the manufacturer (PerkinElmer Life Sciences, Boston, MA). Standard procedures for whole mount immunohistochemistry were used. For fluorescence staining, the rabbit anti-Hsp22 antibody (1/1,000) was used with the corresponding Cy3-coupled secondary antibody (1/400, Molecular Probes, Eugene, OR). Embryos were then mounted in Vectashield (Vector Laboratories Inc., Burlingame, CA) and visualized on a LSM 310 laser scanning confocal microscope (Zeiss, Oberkochen, Germany).
RESULTS
Hsp22 expression is driven by the GAL4/UAS system in EP(3)3247 flies
Because ROS are mainly generated in mitochondria, we tested the hypothesis that increasing levels of a small mitochondrial chaperone, Hsp22 from Drosophila melanogaster (35) , could protect mitochondrial proteins and influence the global aging process. We used the binary GAL4/UAS system (36) to drive the endogenous hsp22 gene in a transgenic line (EP(3)3247; 32) carrying a P-element insertion upstream of the hsp22 gene (Fig. 1A) . The capacity of this insertion to direct Hsp22 expression under GAL4 induction was first tested in vivo using the neural elav-GAL4 or the ubiquitous actin-GAL4 drivers. Immunocytochemistry and Western blot confirmed that GAL4 drivers could specifically up-regulate the expression of the endogenous hsp22 gene in the absence of stress either in the nervous system as shown in EP(3)3247/elav-GAL4 embryos (Fig. 1B) or ubiquitously in EP(3)3247/actin-GAL4 as observed in protein extracts of flies (Fig. 1C, lane 3) . To ensure that the EP insertion did not interfere with the stress-regulated expression of the hsp22 gene, Hsp22 levels were compared between flies heterozygous or homozygous for the EP3247 insertion following heat shock. Hsp22 levels were similar in both genotypes (Fig. 1C , lanes 4−7) thereby ruling out misregulation of the hsp22 gene in these flies. Moreover, this insertion did not have any effect on the onset and accumulation of Hsp22 during aging (data not shown).
Expression of Hsp22 increases flies mean life span
Hsp22 expression was driven by four different GAL4 drivers in order to determine if it had any beneficial effects on longevity: actin-GAL4 (ubiquitous), elav-GAL4 (nervous system), scabrous-GAL4 (pan-neuronal cells) and D42-GAL4 (adult motorneurons). The longevity of EP(3)3247/driver-GAL4 males, which overexpress Hsp22 according to the promoter specificity, was compared with the appropriate control males (+/driver-GAL4). Flies expressing Hsp22 ubiquitously (EP(3)3247/actin-GAL4) have a mean life span of 79 ± 8 days compared with 60 ± 3 days for the control flies (+/actin-GAL4), which represent an increase of 32% ( Fig. 2A) . A similar increase in mean life span is observed when Hsp22 expression is targeted to motorneurons (90 ± 4 days for EP(3)3247/D42-GAL4 flies and 68 ± 4 days for the control +/D42-GAL4, Fig. 2B ). Using scabrous-GAL4 to drive expression of Hsp22 in pan-neuronal cells resulted in a 15% increase of the mean life span, whereas a small decrease in mean life span was observed when Hsp22 was expressed in the nervous system with elav-GAL4 (Fig. 2C, D) . As can be seen in the survival curves of flies expressing Hsp22 ubiquitously or in motorneurons ( Fig. 2A, B) , the increase of the length of the premortality phase is the same as the one of the mean life span suggesting a protection in early-aging events. Once the mortality phase is reached, overexpression of Hsp22 does not seem to have any beneficial effects as seen by the similar slope of the two survival curves. These data demonstrate the protective effect of Hsp22 against aging, as the ubiquitous and motorneurons-targeted expression of this mitochondrial small Hsp is sufficient to extend the mean life span by more than 30%. As can be seen in Fig. 3 , the Hsp22 protein is detectable in the early adulthood only when the actin-GAL4 driver is used. In this case, the increase in protein expression between wild-type flies and flies overexpressing Hsp22 is at least 25-fold given the limit of Western blot sensitivity. The overexpression of Hsp22 under the control of D42-GAL4 (Fig. 3, lane 4) is possibly in the same range but it cannot be estimated by Western blot analysis since the expression is driven in a restricted number of motorneurons.
Flies expressing Hsp22 in their motorneurons maintain their locomotor activity longer
To determine if the extension of life span conferred by targeted expression of Hsp22 was associated with an alteration of locomotor activity, we carried a negative geotaxis assay at 40, 60, and 80 days on EP(3)3247/D42-GAL4, EP(3)3247/actin-GAL4 and their respective controls. Flies expressing Hsp22 ubiquitously have similar locomotor activity as the control flies at 40 (75±7% vs. 89±4%) and 60 days (28±4% vs. 25±6%). This is surprising because +/actin-GAL4 flies are in their mortality phase (<90% survival), whereas EP(3)3247/actin-GAL4 are not. At day 80, most control flies (+/actin-GAL4) were dead but Hsp22-expressing flies still displayed 28 ± 8% activity. In contrast, flies expressing Hsp22 in their motorneurons maintained their locomotor activity until day 60 (Fig. 4) . At day 40, flies of both genotypes were in the premortality phase and their locomotor activity were similar (29±6% for EP(3)3247/D42-GAL4 and 21±7% for +/D42-GAL4; Fig. 2B and 4) . At day 60, +/D42-GAL4 flies are entering the mortality phase (beginning at day 57 on Fig. 2B ) and the locomotor activity decreased to 10±3%. In contrast, EP(3)3247/D42-GAL4 flies are still in the pre-mortality phase and their locomotor activity remains normal (28±6%). Finally, at day 80, both +/D42-GAL4 and EP(3)3247/D42-GAL4 flies are in the mortality phase and their locomotor activity is decreased to 2−3% (Fig. 4) . These experiments show that flies expressing the small mitochondrial Hsp22 within motorneurons maintain activity longer than control flies. Thus, they keep this activity constant for 60 days, but then rapidly loose 26% of this activity within the first five days once they enter the mortality phase ( Fig. 2B and 4) . Motorneuron integrity seems to be a key factor for maintenance of locomotive activity because expression of Hsp22 ubiquitously did not produce the same benefit. While targeting expression of Hsp22 in motorneurons allows maintenance of activity until the mortality phase is reached (Fig. 4) , flies expressing Hsp22 under the control of the ubiquitous actin promoter lose activity in the pre-mortality phase (data not shown).
In the longevity experiments, the premortality phase of the EP(3)3247/D42-GAL4 flies displayed an increase similar to that of the mean life span (31% vs. 32%) suggesting that Hsp22 plays a role in early-aging events. This is further supported by the negative geotaxis assay, which demonstrates a drastic decrease of locomotor activity once the EP(3)3247/D42-GAL4 flies have entered the mortality phase.
Targeted expression of Hsp22 in motorneurons also protects against oxidative and thermal stress
Because aging has been associated with an accumulation of oxidative injuries (8), we wondered whether the small mitochondrial Hsp22 could also prevent damages induced by a robust oxidative stress. To test this idea, oxidative stresses were applied at defined ages (2-, 40-, 60-and 80-day-old flies) by feeding paraquat as a ROS generating agent. Three independent experiments were performed and survival 24 h post-treatment is presented for each time point (Fig. 5) . Flies expressing Hsp22 in their motorneurons were more resistant to paraquat than controls flies at all ages tested. At day 2, 35 ± 2% more EP(3)3247/D42-GAL4 flies were alive after exposure to paraquat than the control +/D42-GAL4 flies. Hsp22 expression was also responsible for a 19%, 14 ± 5% and 11 ± 4% increase at day 40, 60, and 80, respectively. Thus, expression of Hsp22 in motorneurons is sufficient to increase the resistance of flies to robust oxidative injuries.
Three other parameters associated with extended longevity phenotypes were also tested. Thus, EP(3)3247/D42-GAL4 flies displayed a 39% increase in mean survival when kept at 30°C (23 ± 3 days for EP(3)3247/D42-GAL4 flies vs. 16±2 days for +/D42-GAL4) and a 23% increase when kept at 37°C (20±1 h vs. 16±4 h respectively; Fig. 6 ). Expressing Hsp22 in motorneurons did not induce any substantial increase in protection against dry starvation (32±2 h for EP(3)3247/D42-GAL4 flies vs. 30±2 h for +/D42-GAL4 flies; Fig. 6 ). Altogether, these data demonstrate that expression of the small mitochondrial Hsp22 in motorneurons increases resistance to thermal and oxidative stresses.
DISCUSSION
Wheeler et al. (23) have reported that hsp22 mRNA was up-regulated during aging. King and Tower (24) also showed that hsp22 mRNA was increased mostly in the head of aging flies and that Hsp22 expression could be regulated at the post-transcriptional level. An earlier onset of hsp22 and hsp23 mRNA accumulation in Drosophila flies selected for increased longevity was also reported (25) . To directly address the role of Hsp22 in aging, we used the endogenous hsp22 gene rather than transgenic hsp22 genes whose effects might be dependent on the site of insertion. The present data clarify these previous reports and extend their functional significance by showing that the single expression of Hsp22 in mitochondria of motorneurons can increase the mean life span over 30%. This increase is comparable to the one obtained when the human ROS-metabolizing enzyme CuZn superoxide dismutase (SOD1) is expressed as a transgene in motorneurons (40%; 1). In Drosophila, a similar increase in life span has been observed in mutants of the genes methuselah (35%; 37) and I'm not dead yet (indy) (50%; 2), in flies overexpressing a protein carboxyl methyltransferase (32−39% at 29°C; 4) and Turandot A (29% at 37°C; 5). Despite the fact that the molecular basis by which all these proteins increase lifespan is still unknown, all could have direct or indirect effects on ROS production or scavenging.
Overexpression of transgenic human SOD1 within motorneurons using a specific GAL4 driver has been reported to extend life span and increase resistance to oxidative stress (1, 38) . In these experiments, expression in motorneurons with the D42-GAL4 driver was particularly critical since ubiquitous expression using the heat-shock-GAL4 driver did not show appreciable effects of SOD1 expression on longevity (1, 38) . Unlike SOD1, the beneficial effect of Hsp22 is also observed using a ubiquitous (actin) or a pan-neuronal specific (scabrous) driver. This difference may be due to the fact that SOD1 reaction product (H 2 O 2 ) is toxic to the cell and must be subsequently detoxified by other enzymes (catalase or glutathione peroxidase). The reason why a 15% increase in longevity is observed when Hsp22 is expressed in pan-neuronal cells (scabrous) and a light decrease when Hsp22 is expressed in the nervous system (elav) is unknown at this time but could reflect differences in cellular needs.
The mitochondrial localization of Hsp22 is important for its beneficial effect on longevity. Transgenic expression of Hsp23, a cytoplasmic small Hsp of Drosophila, induced a maximal 15% increase in mean life span using either scabrous-GAL4, actin-GAL4, or D42-GAL4 as drivers (data not shown). Moreover, the mode of action of Hsp23 seems to differ as evidenced by the slope of the survival curves. Interestingly, no increase in the premortality phase was observed in the flies expressing Hsp22 under the control of scabrous, suggesting that the 15% increase in longevity seen in these flies also has a different cellular/molecular basis. Seong et al. (39) have shown that ubiquitous expression of Hsp26, another cytoplasmic small Hsp of Drosophila, increases longevity by ~15%. The effectiveness of Hsp22 to increase life span may reflect the particular sensitivity of mitochondria and the importance of maintaining their integrity.
Motorneurons seem to be targets of aging processes since flies expressing Hsp22 ubiquitously were not able to maintain their locomotor activity up to the mortality phase in contrast to flies expressing Hsp22 in motorneurons. This apparent discrepancy could be due to differences in promoter strength. Moreover cells of the nervous system and especially motorneurons have already been pointed out to be particularly sensitive to aging (1, 38). Hence, a high level of Hsp22 in these cells could be needed to maintain flies locomotor activity.
Despite being highly localized to motorneurons, D42-targeted expression of Hsp22 increased longevity by 32% and resistance to a robust oxidant, paraquat, by 35%. These results not only confirm the key role of motorneurons in the aging process but also support their sensitivity to oxidative stress since ubiquitous expression of Hsp22 did not result in an increased resistance to paraquat (data not shown). Thus Hsp22 can exert a protective effect on mitochondria that can extend phenotypically to the whole organism. This beneficial effect of Hsp22 is also observed in flies submitted to thermal stress but not to dry starvation.
In the longevity experiment, the increase in the premortality phase is similar to that of the mean life span suggesting that Hsp22 plays a role in early-aging events. This is further confirmed by results of the negative geotaxis assay that demonstrate a drastic decrease of locomotor activity once the EP(3)3247/D42-GAL4 flies have entered the mortality phase.
The in vivo function of Hsp22 is unknown but many small Hsp have been demonstrated to act as molecular chaperones in vitro (26) . Because aging is associated with increased protein oxidation and modification (8, 40) , Hsp22 could act by chaperoning damaged proteins hence preventing their accumulation in toxic insoluble aggregates and their subsequent deleterious effect on mitochondrial integrity. A model of Hsp22 action in mitochondria is presented in Fig. 7 . The respiratory chain localized across the mitochondrial membranes is responsible for the transformation of NADH and FADH 2 in ATP. This reaction also produces oxygen radicals that are detoxified by scavenging enzymes, except for a small concentration of OH•−, which is also produced by the Fenton reaction and leads to increasing ROS in the mitochondrial matrix. Mitochondrial DNA is particularly sensitive to ROS and damages result in production of mutated proteins less active and prone to form aggregates. Post-transcriptional modifications of proteins by ROS also increase the pool of aggregated and/or inactive proteins. All these modified proteins can inhibit the protein degradation system and contribute to increased ROS concentration in mitochondria. This results in a feedback loop in which increasing amounts of ROS are produced without means to degrade them, leading to mitochondrial function impairment, which may be responsible for aging. Hsp22 could act by preventing aggregation of non-native proteins through its chaperone properties. In normal flies, Hsp22 is expressed in flies over 50 days of age (24) . Triggering expression of Hsp22 earlier in life via the D42, actin or scabrous drivers, could prevent accumulation of damaged proteins in mitochondria, hence delaying the apparition of age-related phenotypes. Ongoing efforts in our laboratory address the question of whether Hsp22 has defined mitochondrial substrates.
A beneficial effect of small Hsp on the aging process has also been suggested from studies in Caenorhabditis elegans. Thus, disruption of the heat shock factor (Hsf) by RNAi shortens life span and results in the accelerated appearance of aging markers (41) . Moreover, extra copies of Hsp16 have been shown to confer thermotolerance and extend longevity (16, 42) . This protective effect of Hsp16 is dependent on the insulin-like signaling pathway in Caenorhabditis elegans. In fact, inhibition of this pathway, as well as exposure to environmental stresses leads to the translocation of a transcriptional factor (Daf-16) thought to direct expression of Hsps and other scavenger proteins (43, 44) . In Drosophila melanogaster, the corresponding insulin-like pathway is not as well defined but involves the insulin-like receptor (InR). Because a mutation in InR has been recently reported to increase longevity (44) , it would be interesting to see if this increase correlates with an up-regulation of Hsp22 and if Hsp22 expression is controlled by this transduction pathway during adulthood.
In summary, the data presented herein provide a link between expression of a mitochondrial chaperone, resistance to oxidative stress and longevity and is consistent with a model in which the relationship between thermal stress and life span is based upon the rate at which altered proteins accumulate during thermal stress and during aging (16) . The data showing that the in vivo expression of Hsp22 extends life span and increases resistance to different stresses establish Hsp22, a mitochondrial chaperone capable of preventing heat-induced denaturation and maintaining denatured proteins in a refolding-competent state (unpublished), as a key player in cell-protection mechanisms against oxidative and environmental injuries and aging. 
